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Tailoring interlayer coupling and coercivity in Co/Mn/Co trilayers
by controlling the interface roughness
Bin Zhang (张彬), Chii-Bin Wu (吳啟彬),a) and Wolfgang Kuchb)
Institut fu¨r Experimentalphysik, Freie Universita¨t Berlin, Arnimallee 14, 14195 Berlin, Germany
(Received 13 May 2014; accepted 7 June 2014; published online 20 June 2014)
Epitaxial Co/Mn/Co trilayers with a wedged Mn layer were grown on Cu(001) and studied by
magneto-optical Kerr effect measurements. The bottom Co film as well as the Mn film exhibits a
layer-by-layer growth mode, which allows to modify both interface roughnesses on the atomic
scale by tuning the thicknesses of the films to achieve a certain filling of their topmost atomic
layers. The onset of antiferromagnetic order in the Mn layer at room temperature was found at
thicknesses of 4.1 (4.8) and 3.4 (4.0) atomic monolayers (ML) for a filled (half-filled) topmost
atomic layer of the bottom Co film in Mn/Co bilayers and Co/Mn/Co trilayers, respectively.
Magnetization loops with only one step were found for a trilayer with half-filled topmost atomic
layer of the bottom Co film, while loops with two separate steps have been observed in trilayers
with an integer number of atomic layers in the bottom Co film. The coercivity of the top Co film
shows an oscillation with 1 ML period as a function of the Mn thickness above 10 ML, which is
interpreted as the influence of the atomic-scale control of the interface roughness on the interface
exchange coupling between the antiferromagnetic Mn and the top ferromagnetic (FM) Co layer.
The strength of the magnetic interlayer coupling between the top and bottom Co layers through the
Mn layer for an integer number of atomic layers in the bottom Co layer, deduced from minor-loop
measurements, exhibits an oscillation with a period of 2 ML Mn thickness, indicative of direct
exchange coupling through the antiferromagnetic Mn layer. In addition, a long-period interlayer
coupling of the two FM layers with antiparallel coupling maxima at Mn thicknesses of 2.5, 8.2, and
13.7 ML is observed and attributed to indirect exchange coupling of the Rudermann-Kittel-
Kasuya-Yosida type.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884235]
I. INTRODUCTION
Magnetic interlayer coupling between two separated fer-
romagnetic (FM) films across a non-ferromagnetic spacer
layer is crucial for many applications in modern magnetic
storage devices and spin electronics. If the spacer layer
exhibits antiferromagnetic (AFM) order, direct exchange
coupling through the spacer layer may contribute to the
interlayer coupling, besides the Rudermann-Kittel-Kasuya-
Yosida (RKKY)-type interlayer coupling1–3 and a magneto-
static interaction originating from roughness at the interfaces
of the FM layers (“orange peel” coupling) as first pointed out
by Ne´el.4 Systems containing AFM layers may also exhibit
the exchange bias effect.5,6 Interlayer coupling across AFM
spacer layers has been studied and adjusted in several sys-
tems. An oscillatory behavior of the coupling in sputtered
[Fe/Cr] multilayers corresponding to RKKY-type coupling
of 12.5 atomic monolayers (ML) thickness has been reported
by Parkin et al.7 In epitaxial [Fe/Cr] multilayers, short-
period oscillations with a period of 2–3 ML have been
observed,8 with a large coupling strength due to the direct
d–d hybridization at the interface. An oscillation of the sign
of the interlayer coupling with two-ML periodicity has been
reported for an insulating NiO spacer layer in [Pt/Co]3/NiO/
[Pt/Co]3 with out-of-plane anisotropy.
9 Zhuravlev et al.
explained this oscillatory coupling by the interfacial interac-
tion with the uncompensated NiO spins at the interface,
which alternates in sign for an odd and even number of
monolayers of NiO.10 Furthermore, a competition between
the interlayer and interfacial coupling has been evidenced in
Co/(Cr2O3, NiO)/Fe trilayers.
11 The interlayer exchange cou-
pling dominates at higher temperatures, while the interfacial
exchange interaction exists below the ordering temperature
of the AFM layer.
Since the spin direction of AFM materials varies on
the length scale of the lattice constant, the exchange cou-
pling between FM and AFM layers depends sensitively on
the interface morphology. Single-crystalline systems pro-
vide the opportunity to tune the interface roughness on the
atomic length scale. In particular, systems that exhibit a
layer-by-layer growth allow to modulate the interface
roughness by choosing the filling of the terminating atomic
layer. The interface coupling of systems with compensated
AFM interface spin structure may be enhanced by the con-
trolled incorporation of roughness features. Oscillations of
the coercivity Hc and the exchange bias field He with a pe-
riod of 1 ML Co thickness were found in expanded face-
centered-tetragonal (e-fct) Mn/Co bilayers on Cu(001), and
attributed to the influence of roughness oscillations of
the AFM/FM interface due to layer-by-layer growth of the
Co layer.12,13 Atomic-scale control of the AFM–FM
exchange coupling was also demonstrated in FeNi/FeMn/
Co trilayers.14
a)Present address: Chung Yuan Christian University, 200 Chung Pei Road,
Chung Li City, 32023, Taiwan.
b)E-mail: kuch@physik.fu-berlin.de
0021-8979/2014/115(23)/233915/7/$30.00 VC 2014 AIP Publishing LLC115, 233915-1
JOURNAL OF APPLIED PHYSICS 115, 233915 (2014)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
87.77.118.212 On: Mon, 15 Sep 2014 09:22:54
We present here a detailed study of tuning the magnetic
interlayer coupling in single-crystalline epitaxial Co/e-fct
Mn/Co trilayers on Cu(001). Thanks to the layer-by-layer
growth of both the bottom Co FM layer as well as the Mn
AFM layer, the interface roughness can be selected with
atomic precision. We show that in this system, all three inter-
layer coupling mechanisms, RKKY-type indirect exchange
with long-period oscillatory behavior, direct exchange
through the AFM layer with an oscillation period of 2ML of
the AFM layer thickness, corresponding to a reversal of the
coupling direction with an odd/even number of AFM atomic
layers, and magnetostatic Ne´el-type interlayer coupling, are
present. The coercivity of minor loops of the top FM layer
exhibits clear oscillations with a periodicity of 1ML Mn
thickness, which can be assigned to roughness oscillations at
the upper Co/Mn interface. The maxima of the strength of
the interlayer coupling due to direct exchange coupling cor-
relate with the maxima of the coercivity. The interplay of the
interlayer coupling together with the exchange bias effect
leads to an oscillation of the apparent exchange bias of the
top FM layer. Our results demonstrate that the Mn layer
thickness as well as the atomic-scale roughnesses of the two
interfaces can be used to tailor the magnetic interlayer
coupling as well as the coercivities of the FM layers in such
FM/AFM/FM trilayers.
Mn is an interesting AFM material because of its rich
phase diagram with different ground states corresponding to
the a (bcc), b (sc), c (fcc), and d (bcc) phases.15 Even small
changes of the axial ratio c/a can induce dramatic changes in
the interface coupling. In epitaxial Fe/bct-Mn/Fe (bct: body-
centered tetragonal, a phase), the coupling angle between the
magnetization directions of the two ferromagnetic Fe layers
increases from 0 to 180 and then reduces to 90 with a
2ML Mn oscillation period.16 For the [Co/Mn] multilayer
case, Kai has calculated that the interlayer exchange cou-
pling both in [Co/a-Mn] and [Co/c-Mn] multilayers shows
oscillations with a period of 2ML because of the antiferro-
magnetic order of the Mn layer, while the strength of the
interlayer coupling in Co/a-Mn was found weaker than in
Co/c-Mn, which was interpreted as being due to the
expanded d-band width and the AFM exchange interaction at
the interface.17 However, no such oscillations with two ML
period have been observed in Co/c-Mn multilayers,18 and no
clear antiferromagnetic coupling between Co layers could be
observed in contracted fct Mn/Co multilayers.19 In Co/Mn/
Co on GaAs(001), only one Mn thickness regime with anti-
ferromagnetic interlayer coupling could be observed.20
II. EXPERIMENTAL DETAILS
The experiments were performed in an ultrahigh vac-
uum chamber with a base pressure of 1 1010 mbar. The
Cu(001) single crystal of 10mm diameter with <0.1 miscut
was cleaned by cycles of 1 keV Arþ ion sputtering and
annealing at 830K for 20min. Co (Mn) films (Co, Mn rods:
99.99% purity) were deposited at a pressure lower than
2 1010mbar (4 1010mbar) by electron-beam-assisted
thermal evaporation at room temperature (RT). Typical dep-
osition rates of Co and Mn were 0.5–1 and 0.3ML/min,
respectively. Uniformity of the film thickness was checked
by Auger electron spectroscopy (AES). The Mn layer was
prepared as a wedge by moving a shutter in front of the sam-
ple. Typical wedge slopes were 0.8–1.4 ML/mm, with a
wedge size of 8mm. Co and Mn thicknesses were calibrated
by medium energy electron diffraction (MEED) intensity
oscillations during growth and AES. The total error in the
thickness calibration of the bottom Co layers is about 0.1
ML. For the Mn wedge, a systematic error of about 10%
may be involved in the thickness determination for a certain
position along the wedge, while the statistical error is smaller
than 0.2 ML. Since the top Co layer does not grow in a
layer-by-layer mode, its thickness is determined by the depo-
sition time and the evaporation rate determined by MEED
oscillations during the growth of the bottom Co layer. This
yields an accuracy of about 10% for the top Co layer
thickness.
In-situ magneto-optical Kerr effect (MOKE) measure-
ments were performed in the polar and longitudinal configu-
ration, with a maximum field of 150mT. A photoelastic
modulator and the lock-in technique were used, where the
phase of the reflected light was modulated at a retardation of
1=4 of the wavelength. The diode laser (633 nm wavelength)
was focused onto the sample with a beam size of around
0.2mm. The Kerr ellipticity was measured along the [100]
azimuth of the sample, and all of the MOKE signals were
normalized to the DC intensity at the photodiode detector.
All measurements were performed at RT. The bottom Co
layer was magnetized in the negative field direction before
deposition of the Mn layer. No field cooling procedure was
applied.
III. RESULTS AND DISCUSSION
Fig. 1(d) shows typical MEED oscillation curves for the
growth of Co on Cu(001) and of Mn on Co/Cu(001). Both
FIG. 1. LEED patterns of (a) Cu(001) (69.8 eV), (b) 10.3 ML Co/Cu(001)
(70.2 eV), and (c) 7 ML Mn/10.3 ML Co/Cu(001) (102.6 eV). Black circles
indicate the (01) spots. (d) MEED intensity of the (00) spot recorded during
the deposition of Co on Cu(001) and Mn on Co/Cu(001) at RT.
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show clear periodic oscillations, indicative of layer-by-layer
growth. For Mn on Co/Cu(001), the amplitude of the oscilla-
tions decreases after the first two monolayers. This can be
due to the evolution of the film structure during initial growth
of Mn on Co/Cu(001), when Mn atoms fill the channels
between Co islands and thus smoothen the surface.
Subsequently, this surface forms the substrate for the almost
perfect layer-by-layer growth of Mn, which starts from 2 ML
thickness.21,22 Similar MEED curves are also observed for
Mn growth on Co films of other thicknesses.23 Figs. 1(a)–1(c)
show low-energy electron diffraction (LEED) patterns of Cu
(001), 10.3 ML Co/Cu(001), and 7 ML Mn/10.3 ML Co/Cu
(001), respectively. The spot positions are accordant, indicat-
ing the coherent growth of Mn/Co on Cu(001). The structure
of the Mn lattice in Mn/Co/Cu(001) was determined from
LEED-I/V curves (see Fig. S3 of the supplementary
material23). The simple kinematic analysis of the LEED-I/V
curve of the (00) spot of 7 ML Mn/10.3 ML Co/Cu(001)
reveals a vertical lattice constant of 1.92 A˚, corresponding to
an axial ratio c/a¼ 1.056 0.01. Such an expanded face-
centered tetragonal structure of Mn is consistent with theoret-
ical calculations (c/a¼ 1.048 (Ref. 24)) and previous experi-
mental work.25–27
In order to study the interface dependence of the inter-
layer interaction, several bilayer and trilayer (Co/) wedged
Mn/Co samples were prepared. First, we compare the results
for two different coverages of the bottom Co layer, 10.0 ML
and 10.5 ML, which exhibit filled and half-filled topmost
atomic layers because of the layer-by-layer growth. These
thicknesses represent a good compromise between the ampli-
tude of the MEED oscillations, which are damped for higher
Co thicknesses,23 and the coercive fields, which may become
too high for the field range available in our experiments for
lower Co thicknesses. Fig. 2 shows normalized magnetic
hysteresis loops of bilayer samples, measured by longitudi-
nal MOKE. Square loops with low coercivity (Hc) start from
zero Mn thickness; wider loops at around 5 ML Mn
thickness are due to the AFM order of Mn. Hc continues to
increase with increasing Mn thickness for the bottom Co
layer with integer atomic layer filling, whereas it decreases
for the bottom Co layer with half-filled termination at Mn
thicknesses higher than 5 ML. Since Hc is indicative of the
coupling strength of the FM layer to the spin structure of the
AFM layer,28 we conclude that this coupling is stronger for
integer atomic layer filling at the interface. All samples with
Mn thicknesses above 6–7 ML showed a small exchange
bias of <10mT, however, with a relatively large error
(62mT).
Magnetization loops of trilayers with a bottom Co layer
thickness of 10.0 ML are presented in Fig. 3. The tilted loop
at 2.3 ML Mn thickness indicates antiferromagnetic inter-
layer coupling. The increase in Hc above 5.1 ML Mn thick-
ness is attributed to the onset of AFM order of Mn. Above 7
ML Mn, loops with two separated steps are observed, where
the step with lower coercivity Hs
t corresponds to the top Co
layer, the one with higher coercivity Hs
b to the bottom Co
layer [Figs. 3(c)–3(d)]. Minor loops were measured in these
samples to estimate the size of the interlayer coupling.
The coercivity Hc and the remanent Kerr signal Mr are
plotted in Fig. 4 as a function of Mn thickness. The thicknesses
of the bottom Co layers were 10.0 ML and 10.5 ML, and the
Mn thickness was changed to modulate the interlayer coupling.
Let us first look at the data of the Mn/Co bilayer sample [Figs.
4(a) and 4(b)]. For the bottom Co layer of 10.0 ML thickness,
there is an initial small decrease of Hc of the bilayer with
increasing Mn thickness, hardly visible in Fig. 4(a), which
could be due to a change of the interface structure. The bare
FIG. 2. Hysteresis loops measured with the magnetic field aligned parallel
to the in-plane [100] crystal direction for Mn/10.0 ML Co (black) and
Mn/10.5 ML Co bilayers (red). The Mn layer thicknesses were (a) 0.6 ML,
(b) 6.8 (6.7) ML, (c) 5.2 (5.1) ML, and (d) 10.5 (10.8) ML for 10.0 (10.5)
ML bottom Co layer thickness.
FIG. 3. (a)–(c), (d) Hysteresis loops measured with the magnetic field
aligned parallel to the in-plane [100] crystal direction for 10 ML Co/Mn
wedge/10.0 ML Co, (c0) for 15 ML Co/Mn wedge/10.0 ML Co. Hs
t and Hs
b
label the switching field of the top and the bottom layer, Hc
1 and Hc
2 the
coercivity of the top Co layer in the positive and negative field minor loop
measurements, respectively. H1,2mls defines the shift of the minor loops with
respect to zero field. The arrows in (c0) represent the magnetization of the
different layers. The Mn thickness is indicated next to the loops.
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Co/Cu(001) film reverses mostly by domain nucleation and do-
main wall (DW) propagation, the additional Mn atoms could
increase the nucleation core, and/or reduce the DW depinning
field.Hc of the bilayer starts to rise at around 4.1 MLMn thick-
ness, indicating the onset of AFM order in Mn at RT (tAFM).
This thickness is larger than in previous works (2 ML (Ref. 29)
and 2.5ML (Ref. 26)). This difference could arise from the dif-
ferent preparation temperature of Mn (250K and 330K,
respectively). Hc continues to increase sharply until 6 ML, and
then with a slower increase up to around 12ML, after which it
then stays about constant (not shown). Compared to the
bilayers with completely filled bottom Co layer, the bilayer
samples with bottom Co layer of 10.5 ML show a lower tAFM
of around 3.4ML Mn thickness. The second difference
between the two samples that can be related to the different
interface roughness is that the Hc of the 10.5ML bottom Co
layer shows a sharp maximum at around 5ML Mn thickness
and then strikingly decreases to less than half the value of this
maximum. This behavior is consistent with data of a wedged
Mn/20 ML Co/Cu(001) bilayer,26 and may thus be explained
by assuming a similar interface roughness of our 10.5 ML and
the 20 ML Co layers in Ref. 26. A dependence of Hc on the
AFM/FM interface roughness has been observed before in Mn/
Co bilayers, and has been attributed to a biquadratic exchange
interaction between FM and AFM spins due to roughness.12,13
We now turn to the trilayer systems. First let us see the
results for the 10 ML Co/Mn/10.0 ML Co trilayer [black
data points in Figs. 4(c) and 4(d)]. Here, both Hc and Mr
decrease a bit between 0 and 1.5 ML Mn thickness. The
slightly higher coercivity at 0 ML Mn can be attributed to
the structural relaxation of the strained Co layer by the
appearance of misfit dislocations at the higher total Co thick-
ness when no Mn is present, while with increasing Mn thick-
ness the Co is divided into two separate layers by the Mn
spacer layer. As the Mn thickness increases, an unexpected
antiparallel interlayer coupling at around 2.5 ML Mn thick-
ness is observed. Tilted loops with large Hc and reduced Mr
are observed in that Mn thickness range [Fig. 3(a)]. Even the
maximum available field was not sufficient to saturate the
sample at this Mn thickness, which indicates that the two
FM layers are strongly antiferromagnetically coupled to each
other. We cannot exclude that at this thickness (around
2.5ML Mn) a mixed phase of FM and AFM order exists,
similar to what has been concluded for Mn/Co bilayers,29,30
and also contributes to the antiparallel coupling.
Competition between direct exchange and indirect RKKY
coupling has been also found in Fe/V(001), where the first
AF coupling is missing due to suppression by the V–V direct
exchange coupling from the transient ferromagnetism.31
From the increase of Hc as a function of Mn thickness,
the onset thickness for AFM order of Mn at RT is deduced
as 4.8 ML, which is about 0.7 ML (DtAFM) thicker than in
the bilayer. This could be related to proximity effects at the
interfaces, which can influence the ordering temperature of
an ultrathin AFM layer,32 or to a change of the effective
thickness due to alloying at the interface.33 A reduced rema-
nence is again observed at around 8.2 ML Mn thickness.
Figs. 3(c) and 3(c0) show the major and minor loops at 8.1
ML Mn for 10 and 15 ML Co/Mn/10.0 ML Co, respectively.
One notices that the major and minor loops overcross for the
15 ML Co/Mn/10.0 ML Co trilayer [Fig. 3(c0)]. This is
because the thicker top Co layer has the lower coercivity and
the higher total moment compared to the thinner bottom Co
layer. When the major loop is measured for a field sweep
from þH [1 in Fig. 3(c0)] to –H [3 in Fig. 3(c0)] and back to
þH, the top Co layer reverses back into the positive direction
at point 4 with a large change in the Kerr signal while the
bottom layer still stays magnetized in the negative field
direction. For the minor loop, in contrast, a field sweep from
þH [1 in Fig. 3(c0)] to –Hmin [2 in Fig. 3(c0)] and back to
þH, the bottom Co layer stays magnetized in the positive
direction and the top Co layer reverses its magnetization into
the positive direction at point 40, which is at a larger positive
field than point 4 of the major loop because of the antiparal-
lel coupling to the bottom layer. The overcrossing occurs
because the thicker top Co layer exhibits the larger Kerr
signal.
From the shift field Hmls of the minor loops of trilayer
samples with a bottom Co layer of 10.0 ML (Fig. 3), we can
estimate the interlayer coupling energy J using J¼Ms d l0
(H2mlsH1mls)/2, where Ms¼ 1440 kA/m is the saturation
magnetization, and d¼ 1.7 and 2.6 nm for 10 ML and 15 ML
top Co layer, respectively, is the thickness of the magneti-
cally softer FM layer. We obtain a value of 33.8 lJ/m2 for
both 15 ML and 10 ML Co top layer samples at 8.1 ML Mn
thickness. This confirms that the antiferromagnetic RKKY
coupling strength is independent of the FM layer thickness.
The coupling strength is nearly the same as in a Co/Cu/Co
trilayer (0.05 mJ/m2) at the second antiferromagnetic
RKKY maximum at 11.5 ML Cu thickness.34
Now we compare to the results of the 10 ML Co/Mn/
10.5 ML Co trilayer. The first AF coupling is also found at
around 2.5 ML Mn thickness. These trilayers show a lower
FIG. 4. Top: Coercivity Hc of 0 ML (a) and 10 ML (c) Co/Mn-wedge/Co
(bilayer) trilayer sample as a function of Mn thickness. The bottom Co layer
thicknesses are 10.0 (black) and 10.5 ML (red), respectively. Above 7 ML
Mn two different switching fields (bottom Co layer with higher Hs
b, filled
symbols, and top Co layer with lower Hs
t, open symbols) are presented for
the trilayer sample with bottom Co layer thickness of 10.0 ML. Bottom:
Kerr signal in remanence of the same samples, normalized to saturation.
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tAFM (4 ML) and also a smaller difference between the tAFM
of the bilayer and the trilayer (DtAFM¼ 0.6 ML). The maxi-
mum peak of Hc is at a 1 ML higher Mn thickness than in
the bilayer. Finally, a major difference to the case of the
atomically filled 10.0 ML bottom Co layer is that magnetiza-
tion loops with only one step are observed for all Mn thick-
nesses under study. This could be due to the lower coercivity
of the bottom Co layer, as seen from the Mn/10.5 ML Co
bilayer. It is more similar to the coercivity of the top Co
layer, which could lead to a merging of the magnetization
reversals, possibly also mediated by stray fields from propa-
gating domain walls. Furthermore, above 8 ML Mn thickness
the Hc of 10 ML Co/Mn/10.5 ML Co shows an oscillation
with a period of around 1 ML Mn thickness, which can be
attributed to the layer-by-layer growth of Mn on Co. We will
discuss this further down in connection with the behavior of
the 10 ML Co/Mn/10.0 ML Co trilayers at higher Mn
thicknesses.
In order to study in detail the dependence of the mag-
netic interlayer coupling on the roughness of the upper Co/
Mn interface, and, in particular, on the Mn thickness, trilayer
samples with 10.0 ML bottom Co layer and thicker Mn
wedge were prepared. We focus on the minor loops in those
samples. The coercivity and the remanence of the minor
loop measurements of the top Co layer are presented in Fig.
5. Both show an oscillation with 1 ML period as a function
of the Mn layer thickness. The coercivity reflects the
AFM–FM exchange coupling strength. Its oscillation can be
explained by the modulation of the atomic-scale interface
roughness at the upper Co–Mn interface due to the layer-by-
layer growth of Mn on Co [Fig. 1(d)]. The atomic-scale
roughness at the interface influences the coupling between
the FM and the AFM layer, which manifests itself in the
enhancement of the coercivity.28 Since the minor loops are
somewhat tilted and not fully saturated at remanence, their
remanence follows the coercivity. We note that the oscilla-
tion amplitudes also depend on the thickness of the Mn layer.
At 12.5 ML Mn thickness, the amplitude of the Hc oscillation
is 12mT and 4mT for the 10 ML Co and 15 ML Co/Mn/
10.0 ML Co trilayers, respectively. At the same time, the
amplitude of the oscillation of the remanence is around 50%
and 20% of the saturation value for the 10 ML Co and 15
ML Co/Mn/10.0 ML Co trilayers, respectively.
The minor loops of the top Co layer also display some
horizontal loop shift. This exchange bias of the top FM layer
as extracted from the minor loops also seems to oscillate
with a 2 ML period (Hetop in Fig. 5). However, this might be
an artifact induced by the interlayer coupling. The bottom
layer exhibits a small negative exchange bias, which mani-
fests itself by a loop shift along the positive field axis, since
the Co was saturated along the negative field direction during
Mn deposition. Because the two steps from the two Co layers
are a bit tilted and not completely separated, and the bottom
layer switching fields are not symmetric around zero field
due to the exchange bias, the difference between the switch-
ing fields of the two steps is smaller in the negative field side
than in the positive. When the minor loop H1 is measured,
the top layer reverses when the switching field in the nega-
tive direction is reached. If the two loops partly overlap,
some part of the bottom layer is also already reversed. So
H1mls becomes larger if there is an antiparallel coupling
between the two layers, and becomes smaller if the two
layers are coupled parallel to each other. When the minor
loop H2 is measured, the switching fields of the two Co
layers are more distinct on the positive field side, and H2mls
is less influenced by the interlayer coupling. So by adding
H1mls and H
2
mls to calculate the exchange bias, it will show a
positive shift for parallel coupling and a negative shift for
antiparallel coupling. This may fully explain why Hetop
shows the same oscillation as Hmls.
The interlayer coupling energy evaluated from H1mls
and H2mls is plotted in Fig. 6 as a function of Mn thickness.
It exhibits an oscillation with a period of 2 ML Mn thickness
above a thickness of 10 ML. Such an oscillation may be
attributed to direct exchange interaction across the AFM
layer. The amplitude of the observed oscillation is about five
times smaller compared to the case of Fe/bct-Mn/Fe.16,35
Another observation is that the oscillation is not around zero,
but shifted to the positive side, corresponding to ferromag-
netic coupling. This offset of the oscillation points towards
an additional Ne´el-type magnetostatic coupling between the
two Co layers.4 The positive and negative maxima of the
coupling strength coincide with the maxima of the coerciv-
ity, cf. Fig. 4(a). We conclude that the strength of the inter-
layer coupling by direct exchange follows the AFM-FM
exchange coupling at the interface, which is reflected by the
coercivity of the FM layer.
FIG. 5. (a) Coercivity Hc (solid symbols), shift field Hmls (open symbols),
and (b) Mr of minor loops for a 10 ML Co/Mn wedge/10.0 ML Co and (c)
and (d) of a 15 ML Co/Mn wedge/10.0 ML Co trilayer as a function of Mn
thickness. Hetop (black stars) indicates the exchange bias field of the top Co
layer (Hetop¼ (H1mlsþH2mls)/2). Solid lines are intended to guide the eye.
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The antiferromagnetic coupling around 13.7 ML Mn
thickness is probably the superposition of the short-period
interlayer coupling by direct exchange and the third antifer-
romagnetic maximum of the long-period RKKY coupling.
We can thus estimate the relative weight of these two contri-
butions to the coupling at this thickness comparing to the ad-
jacent minima in Fig. 6. Both, the direct exchange coupling
and the RKKY-type coupling, seem to contribute about
equally to the antiferromagnetic coupling (10 lJ/m2 each).
This coupling strength is nearly the same as in Co/Cu/Co tri-
layers at the third antiferromagnetic RKKY maximum at 17
ML Cu thickness.34 However, the amplitude of the oscilla-
tions of the coupling energy with 2 ML period is one order
of magnitude smaller compared to the value obtained for
about the same spacer layer thickness in Co/FeMn/Co sand-
wiches.14 We note that the amplitude of the oscillations is
slightly larger for 15 ML top Co layer thickness than in the
10 ML case. This could be either an artifact from an error in
the Co thickness determination, or the manifestation of an
effective thickness of the top Co layer smaller than the actual
thickness.
IV. CONCLUSIONS
We have investigated Co/(e-fct) Mn/Co trilayers on Cu
(001) with a wedged Mn layer for integer and half-integer
atomic layer filling of the bottom Co layer. We found that
trilayer samples, and particularly those with filled atomic
layer of the bottom Co layer, show a higher onset thickness
of Mn for AFM order at RT compared to Mn/Co bilayer
samples. We also found that only one step is observed in
magnetization loops of trilayers with half-filled bottom Co
layer for all Mn thicknesses up to at least 13 ML, while two
separated steps are found at Mn thicknesses above 7 ML in
the filled case. We have observed that coercivity and rema-
nence of the top Co layer show an oscillation with 1 ML pe-
riod as a function of the Mn layer thickness, which we
attribute to roughness oscillations at the upper Co–Mn inter-
face induced by the layer-by-layer growth mode of Mn on
Co. These observations demonstrate the influence of the
interface structure on the magnetism of the Co/Mn/Co
systems, and that atomic-scale steps at the interface play an
important role in the interlayer interaction and thus for the
magnetic properties of the coupled system. The interlayer
coupling energy between the two Co layers in the filled bot-
tom Co layer sample exhibits an oscillation with a period of
2 ML Mn thickness in the 0–15 lJ/m2 range. In addition, a
long-range RKKY-type coupling was also observed with a
periodicity of 5.6 ML of Mn thickness. The first AFM cou-
pling maximum observed at unexpectedly low Mn thickness
could also be linked to an FM-AFM phase coexistence in the
Mn layer. The interplay between direct exchange coupling
through the AFM layer, RKKY-type coupling, and Ne´el-type
magnetostatic coupling determines the overall magnetic
interlayer coupling in this system. The detailed atomic and
magnetic structure at the AFM/FM interface, i.e., lattice mis-
match, uncompensated spins, or strain relaxation can also
have an influence on the coupling behavior. For applications
in nanotechnology, controlling the magnetic properties of
coupled systems by atomic-scale manipulation is an interest-
ing possibility. Here, we have shown that it can be used as
an independent parameter in addition to the AFM layer
thickness to tune the magnetic properties of an FM layer
coupled by interlayer coupling to another FM layer.
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